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EXECUTIVE SUMMARY

This report summarizes the results of field studies of the dispersion of military smoke conducted at
Dugway Proving Ground in March and April, 1985. Fog oil smoke was produced by an M3A3E3 smoke
generator over flat terrain and the resulting plume sampled at distances of 25 - 800 m. Measurements made
include mean concentration, particle size distribution, deposition on horizontal and vertical surfaces and the
chemical composition of the smoke. Mean concentration was determined using aspirated, adsorbent-filled
tubes subsequently analyzed by thermal desorption and low resolution gas chromatography. Particle size
distribution was measured using cascade impactors of the Mercer design. Deposition was studied using dry,
chemically-inert, glass-fiber filter papers serving as surrogate surface collectors. In addition to the plume
maps, the source was characterized in terms of mass rate of release, exit temperature and velocity of the
smoke, and chemical composition of the raw oil and of the initial smoke. Meteorological data required for
model testing and improvement were obtained using two 32-m instrument towers having wind speed, wind
direction and temperature sensors at the 2, 4, 8, 16 and 32-m levels and vertical wind angle sensors at the
four highest levels. The meteorological data were analyzed in terms of time-averaged vertical profiles from
which Monin-Obukhov length and friction velocity were found and in terms of the spectral characteristics of
the time-dependent data.

The measurements of mean concentration provide an internally consistent picture of plume behavior,
although certain operational difficulties led to suboptimal performance of the concentration sampler. As a
result of these difficulties, only three tests yielded useful data, and then only to a distance of 200 m from the
smoke generator. Significant improvements in the design of the collector were identified based on the
results of these field tests. These improvements can be readily implemented in future field studies 10 both
increase the quantity and improve the detail and reliability of the in-plume data. Only minor difficulties were
experienced with the source and meteorological measurements; these systems operated nearly flawlessly.

The major findings of the study are:

1. Concentration levels fall off rapidly with distance and exhibit considerable spatial inhomogeneity at
distances beyond a few hundred meters from the source even when hour release times are used.
Concentration patterns reflect the combined effects of large-scale variations in wind direction and
general plume spreading due to the action of turbulence.

2. The release rate of the generator varies considerably even for ostensibly similar operating conditions
and in all cases fell below the nominal level stated for the generator. Exit temperature was found o
increase sharply with decreasing release rate. The exit velocity, primarily dependent on the rate of air
flow through the generator, was found to be independent of operating conditions for the cases studied.

3. The fog oil smoke was found to exhibit a log-normal distribution of droplet sizes with a mass median
diameter of roughly 0.7 microns.

4. For the limited conditions studied, no change in chemical composition was detectable, using low
resolution gas chromatography, between the raw oil, the initial smoke and the smoke at the furthest
downwind point of sampling.

5. Again, for the conditions studied, no statistically significant levels of deposition were measured on
either horizontal or vertical surfaces.
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1.0 INTRODUCTION
1.1 Objectives

This report describes the procedures and results of a field study of the dispersion of military fog-oii
smoke carried out at Dugway Proving Ground between March 15 and April 15, 1985. This study was the first
in a series of field programs designed to gather data needed to test predictive models currently being used

to assess the environmental and civilian health effects of military obscurant smokes such as fog oil and
hexachioroethane (HC).

Measurements of mean concentration, deposition, particle size distribution and chemical composition of

. the smoke. produced by an experimental prototype military fog-oil smoke generator were carried out over

downwind distances of 25 to 800 m. The use of perfluorocarbon tracers mixed with the fog-oil smoke was
also attempted in order to provide a check on the fog oil measurements. Supporting data include

comprehensive documentation of source characteristics and pravailing meteorological conditions during the
period of releass.

An gqually important objective of this work was to test the methods and equipment under actual field
conditions. Despite extensive laboratory testing and an earlier small-scale field test of the collection
procedures, this study represents the first attempt at operating all the equipment simultaneously under
actual field test conditions. It was expected that the resutts of tt.is study would be used to evaluate and refine
the experimental methods and equipment as well as the logistical procedures.

1.2 Test Site

This study is restricted to perhaps the simplest possible release scenario: a single fog oil generator on
flat terrain with a uniform atmospheric boundary layer, low relative humidity and sparse vegetation. These
conditions were chosen in effort to provide an “ideal” set of data for baseline model evaluation. Dugway
Proving Ground (DPG) was selected as the site for this pilot study because of (1) a large area of open, flat

terrain which provides the desired "ideal” conditions for model testing and (2) a long history of operating and
lesting smoke generating devices.

The test site was located within the West Vertical Grid test area. A detailed description of the site and
surrounding area is included in a meteorological report by Waldron (1977). Figure 1.1, taken from Waldron's
report, shows the topology of Dugway and gives the location of West Vertical Grid within the Dugway
boundaries. According to Waldron, the variation in the elevation of the desert 1errain surrounding Wast
Vertical Grid is less than 40 m. There is a uniform fetch of 5 km in the northwest quadrant and a minimum 9 km
fetch in the other quadrants. The primary vegetation on the site is a desert shrub known as Grey Molly having
a height of 7 to 30 cm and spaced at one-half to one meter intervals. Waldron also states that the site passes
the micrometeorological test of uniform terrain in all directions to a distance of 3 km or greater.

1.3 Overview

In all, eleven releases of fog-oil smoke were carried out under meteorological conditions ranging from
near-neutral to very unstable. No tests were conducted under stable atmospheric conditions. Only the last
three tests were sufficiently successful to be useful for modeling due to contamination of the concentration
sampling tubes, which raised the detection threshold, and the inadequacy of the B/C aspiration units, which
resulted in a reduced amount of smoke collected by the tubes. The transitional and untavorably convective
meteorological conditions associated with the late-morning and early-afternoon test periods also proved (o
be a major problem. Testing was restricted to these periods due to logistical and procedural constraints
which prevented the use of the more favorable "dawn” conditions. Additional difficuities with the smoke
generators caused the release rates to be much lower than anticipated. These difficulties were attributed, at
least in part, to the higher aftitude of DPG and added to the complexity of carrying out the field tests.
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Despite these problems, however, much information on the field characteristics of fog-oil smoke was
produced. The concentration data are in agreement with model predictions as well as with the resuits of
other field studies of atmospheric dispersion. Particle size data very nearly replicate the resuits of a previous
laboratory analysis of fog-oil smoke. Time dependent data describing the smoke generator provide a
consistant picture of its operation. Meteorological data gathered during this study are in agreement with
models derived from extensive investigations of the planetary boundary layer. This information provides

baseline data for health effects studies and a platform from which improved field studies of smoke dispersion
can be launched.

This report is organized into three sections covering (a) smoke data, (b) source data and (¢)
meteorological data, respectively. Each of these sections describes in detail the equipment and procedures
employed to gather the data and also provides a discussion of the results obtained. Following these
components, our overall conclusions and recommendations are presented.
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2.0 SMOKE DATA

This section describes the instruments and procedures employed during these dispersion tests in
order to acquire the concentration, deposition, particle size and chemical composition data necessary for
model evaluation. The measurements are organized into two groups: those which describe the continuum
behavior of the smoke plume as a whole (8.9., concentration) and those which describe the features of the
fog-oil smoke (e.g., size distribution). This organization parallels the treatment given the dispersion problem
by most of the models under study.

Most models of atmospheric dispersion treat the smoke plume or cloud primarily as a continuum and

_predict its extent or concentration at locations of interest. To evaluatle these models, measurements of

concentration at a large number of positions are necessary. In the present study, the concentration of fag oil
at each location on a network was determined from measurements of concentration carried out at each
sampling location. In addition to measuring the concentration of fog oil, we aiso attempted to measure the
concentration of a perfluorocarbon tracer introduced into the fog-oil smoke plume at the generator exit as a
check on the fog oil concentrations.

Owing to their potential importance to environmental and civilian health issues and to provide as
complete a data set as possible, measurements of the deposition, size distribution, vapor partitioning and
chemical aging of the fog-oil smoke were performed during each test.

2.1 Sampling Network

The location of our sampling network within the West Ventical Grid is illustrated by the shaded region in
Figure 2.1. Here the circles represent the sampling arcs of the West Vertical Grid, the farthest arc shown (Arc
1) having a radius of 2414 m (1.5 miles). As illustrated, the sampling grid consists of a rectanguiar region 1600
m by 800 m, the long axis of which passes through the centers of two existing meteorological instrument
towers. These two towers, separated by a distance of 990 m, lie along the approximate direction of the
prevailing winds. The towers are logically designated “West Vertical Tower" and “Horizontal Grid Tower”,
since the former lies near the center of the West Vertical Grid and the latter lies near Horizontal Grid, a
somewhat smaller grid within the full extent of West Vertical Grid.

Previous large scale field studies of atmospheric dispersion such as Project Prairie Grass (Barad, 1958)
and the Hanford Series (Nickola, 1977; Nickola, et al., 1983) arranged their sampling networks in a series of
wide arcs increasing in distance from a fixed source location. With such an arrangement, a large number of
samplers had to be deployed in order to cover a sufficiently large angle to accommodate changes in wind
direction prior to the test; however, only a small fraction of the samplers were actually exposed. Additionally,

the tixed source location restricted testing to those occasions when the wind was in the direction of the
sampling arcs.

Owing to a tight field testing schedule which dictated a broad range of acceptable test conditions, we
designed a sampling network with a relocatable source; one which would be serviceable for virtually any wind
direction. Sampling locations were arranged in a rectangular array with a uniform pitch of 100 m, thus
covering the entire 1600 m by 800 m region as illustrated in Figure 2.2. All locations are given in grid
coordinates with (0,0) referenced 1o sampling location J4, as indicated.

During the course of the testing it was observed that under near-neutral atmospheric conditions the
smoke plume was confined to a narrow corridor. Because the samplers were spaced 100 m apar, this
frequently resulted in very few samplers being exposed to the plume at short range. Conversely, under
convective conditions the plume lifted off the ground prior to reaching the first row of samplers (100 m
distant), also resulting in very few exposed samplers. Consequently, a more densely spaced network was
configured in order to better resolve the smoke plume at short range (25 - 400 m). This high resoiution
network was laid out in the shaded area in Figure 2.2 between rows 2 and 6 and between columns J and N.
As Figure 2.3 illustrates, this network is essentially diamond-shaped. 1t is comprised of transacts at 25 m, 50
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Figure 2.1. Location of test site with respect to Horizontal and West Vertical grids at Dugway Proving Ground.
The sampling network is located in the shaded portion of the figure.
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2.2 Sampling Devices and Methods

m, 100 m, 200 m and 400 m and is symmetric about the 200 m transect. Eleven samplers were located on
both the 25 m and 50 m transects at spacings of 5 m and 10 m respectively. Nine samplers weare located on
the 100 m, 200 m and 400 m transects spaced at 25 m, 50 m and 50 m respectively. The network was

. designed to minimize the time required to fit the samplers with concentration-measuring tubes and to provide

maximum flexibility in coping with shifts in the prevailing wind direction. Thus the smoke source could be
located near J4 (0,0) or N4 (400,0) depending on the wind direction.

in order to improve the capability to measure concentrations at large distances (400 - 2000 m), ten B/C
samplers with sample tubes or cascade impactors waere mounted in the bed of a pickup truck. In this manner
they could be quickly relocated to remain in the plume as the wind shifted.

The sampling equipment located at each position on the network included the following items: (a) a 8/C
sampler -- a radio-controlled aspiration unit initially fitted with a flow restrictor rated at 1 liter per minute (Lpm);
(b) a sample tube connected to the B/C sampler by means of a vinyl hose and positioned at the 1.5 m lsvel
atop the antenna of the B/C sampler; and (c) a deposition tray mounted on a 7/16" steel post at a height of
0.5 m. The 1.5 m sampling height was chosen because it approximates the breathing height of a man. This
height was also used for "ground-level” samplers in both the Prairie Grass and Hanford studies.

We had initially planned to aspirate the sample tubes at a rate of 6 Lpm based on specifications provided
to us by DPG personnel. However, during the setup phase of the field testing period, we realized that the
B/C sampler could not aspirate our sample tubes at the planned flow rate. To maximize the aspiration rate of
the sampler, we ultimately decided to operate the B/C samplers without flow regulation and, as a result, were
required to measure the flow rate of each sampler both before and after each test. This significantly
increased the time required to deploy and retrieve the concenlration samples and contributed substantially
to the logistical difficulties which prevented us from testing during stable near-dawn atmospheric conditions.
The low flow rate also gave rise to concern over the issue of reduced collection efficiency due to anisokinetic
sampling and it significantly reduced the signal-to-noise ratio of our concentration measurements by limiting
the total amount of smoke material we could collect during a test.

2.2.1 Concentration Measurements

The concentration sampler used in these field experiments consisted of a stainless steel tube 6 mm in
diameter and 89 mm long. The tubes were packed with Tenax, a chemical adsorbent which removes
hydrocarbons from the air tlow drawn through the tube. This approach was used for several reasons. First,
whereas a study by Jenkins and Holmberg (1981) indicated that a substantial portion of diesel fuel-based
smoke remains in the vapor phase and does not condense into an aerosol, no such information was available
for SGF-2 fog-oil smoke prior to this study. The Tenax-filled samplers allow both vapor and aerosol 1o be
collected, yielding more correct estimates of exposure. Second, all of the material collected by the sample
tube is available for analysis, unlike bubblers (impingers) from which only a small portion of the sample is
withdrawn and analyzed. This results in a more accurate concentration measurement. Third, owing to the
limited time available for testing and the large number (>100) of sampling locations, ease of deploying and
retrieving the samples was critical. The sample tubes are easily deployed, retrieved and packed for shipping.
Finally, the analysis of the tubes was readily automated, aliowing the results of a test to be determined
overnight rather than days or weeks after testing. This was particularly important since it provided rapid
feedback on our field techniques and enabled us to quickly change our experimental procedures and
improve our results.

Subsequent to each test, the sample tubes were collected, capped and shipped to the University of
Ilinois for analysis. Analysis of the concentration samples by thermal desorption/gas chromatography
provided the total mass and chemical composition of the fog-oil smoke collected over the period of
aspiration. In order to reduce the amount of time required t0 analyze the data collected (130-210 samples
per test), a packed column chromatographic method was employed. This methed produced the correct total




mass but could not resolve the mass of any parnticular constituent. From these data, average concentrations
were determined by dividing the mass collected by the total volume of air drawn through the tube during the

period of aspiration. Details of the chemical analysis procedure are provided in a companion report (DeVaull,
et al., 1988).

2.2.2 Aerosol Measurements

Deposition was measured via surrogate surfaces: dry, chemically iner, circular glass-fiber filter papers
125 mm in diameter. Although a variaty ot techniques have been utilized to measure dry deposition (that is,
deposition by processes other than precipitation) no one method has gained acceptance. In 1980, a group
of scientists critiqued various monitoring methods and concluded that surrogate surfaces are inadequate.
because they do not simulate natural surfaces (Hicks, et al., 1980). However, the dissenting view at the same
meeting held that surrogate surfaces, despite their limitations, represent the only method available for large
field studies of deposition, due to their simplicity and low cost. In their dissenting discussion, Davidson and
Lindberg point out several field studies in which dry deposition measurements, carried out with surrogate
surtaces, showed both internal consistency and fair agreement with theoretical predictions.

Additionally, Lindberg and Lovett (1982), found that deposition measurements made with rimmed
polycartonate fiters (9.4 cm diameter) were slightly higher than data gathered from foliar lgat washing. They
attributed the ditference to variations in leaf orientation and leaching. Sickles, et al. (1982) compared foliar
washings of Ligustrum having smooth, oval leaves of about 1 cm2 with data from polycarbonate buckets, petri
dishes and cellulose filter papers. The filter paper had the highest coliection efficiency of the surrogate
surfaces; the surrogates all had higher collection efficiencies than the natural leaf surtace. All surfaces
exhibited the same trends, however, which indicates that while the surrogates do not replicate the natural
surlaces, their degree of variability is no greater than the variability found among natural surfaces. The
authors concluded that surrogate surfaces are, in fact, reliable and useful for measuring dry deposition.

Dasch (1982) compared several types of surrogate surfaces, including nylon, teflon, quarz fiber and
glass fiber filters, to determine their collection efficiencies. In these tests, the filters exhibited consistently
higher efficiencies with the glass fiber having the greatest. For this reason, glass fiber filters were selected
for use in the present study. The filters were affixed to steel support plates by means of steel clips. Both
horizontal and vertical orientations of the plate/filter assembly were employed in order to assess both
deposition and impaction as removal mechanisms. After a test was completed, the collected filter papers
were sealed in glass vials and shipped to the University of lliinois along with the sample tubes. In the
laboratory, these vials were filled with a solvent (hexane). The mixture was then concentrated and injected
onto a sample tube packed with glass wool for a chromatographic analysis similar to that carried out for the
sample troes. As a check on this analysis method, some of the filters were cut in half. One half was then
analyzed by the above method and the other half was inserted into an empty sample tube for direct thermal
desorptiorvgas chromatographic analysis. Both methods yielded very similar results.

In addition to these instruments, twelve seven-stage Mercer-style cascade impactors manutactured by
Intox Products (model no. 02-100) were utilized to measure the particle size distribution of the fog-oil smoke
between 0.33 and 4.5 um. Due 10 the limited time available to recover the samples from one test and t¢
prepare for the next, no more than six cascade impactors were employed per test. These six were widely
spaced (0 assure that at least one would be exposed to the plume. Their location on the sampling network

was selected based on the prevailing wind direction just prior to each test in order 1o maximize the likelihood
of their exposure to the plume.

The cascade impactors were aspirated at nominally 1 Lpm via a B/C sampler. The actual aspiration was

measured and recorded because the 50% cutoff (DpSO) for each stage depends on the flow rate according to
the ratio




[

(Deso)actual - \/ 1Llpm
(Dp_,m)1 Lom actual flow rate (Lpm)

The 0950 sizes for cascade impactor stages aspirated at 1 Lpm are given in Table 2.1.

Table 2.1 Cascade Impactor Stages at 1 pm Flow Rate

Stage Dgso (wm)

4.5
3.0
2.15
1.6
1.06
0.72
0.33

NOOHE WD -

It proved very difficult to gauge how long to aspirate an impactor, since the time at which overloading
occurred depended on several factors including the rate of release, the distance from the point of release,
and the prevailing metecrology (wind speed, direction fluctuations, etc.) Although through experience we
were eventually able to determine proper aspiration times, we frequently underexposed or overexposed the
impactors during the first tests. In addition, the fine jets in the impactors which effect the particle sizing were
easily clogged by the dusty conditions prevalent at the site.

After exposure, the impactors were sealed. Later, the seven 22-mm glass cover slips (one for each
stage) and the backup glass-fiber filter were removed and sealed in glass vials and shipped to the University
of lllinois for analysis. There they were washed twice with solvent (hexane) and the mixture was
concentrated. The concentrate was then injected on glass wool inside a stainless steel tube of the same
design as that used for the concentration samplers. The mass of fog oil was determined by thermal
desorption and gas chromatography following the same procedure used for the sample tubes.

2.2.3 Anisokinetic Sampling

Due to the low aspiration rate possible with the B/C samplers, anisokinetic sampling (the deviation of
panticle paths from the streamlines of the air) posed a potentially serious problem (Watson,1954). Sehmel
(1967) describes the corrections necessary for horizontally oriented filter cassettes at an angle to the wind,
such as those used at Hanford. In order to minimize the effects of anisokinesis as well as the sample bias due
to fluctuations in wind direction, both the sample tubes and the cascade impactors were mounted vertically

with their sampling inlets facing upward. The bubbler inlets in the Prairie Grass study were also oriented
vertically for the same reason.

in order to assess the effects of anisokinetic sampling on the data, an empirical correlation due 1o
Laktionov {(1873) for oil droplels sampled at 20° to the mean flow was utilized to produce the curves given in
Figure 2.4 for 0.5 um droplets:

1/2

Uiube

A=1-3(Stk)° ;a= @.1)
uwind

Here the aspiration coefficient A, defined as the ratio of the measured concentration to the actual
concentration, is shown to be a function of the mean horizontal wind speed u,,ing and the aspiration rate of
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the sampler (u,,pe i the velocity of air in the sample tube). The Stokes number is defined in terms of the
particle response time t:

2
v a
Stk = ‘t(B‘) (T = -E-p-a 2.2)
18

Here U = u,nq and D is the tube diameter; d, and p, are the diamster and density of the particle,
respectively, and u is the viscosity of the air. It is clear from Figure 2.4 that as the mean wind speed
increases, the error in the measured concentrations will also increase. It is also apparent that this may be
overcome with a sutficiently high aspiration rate. in order to achieve the maximum aspiration rate possible
with the B/C samplers, the 1 Lpm flow restrictors were removed. Although this only increased the aspiration
rate to about 1.5 Lpm, a substantial improvement in the aspiration efficiency of the concentration sampler
appears 10 have been realized.

The experimental work of Durham and Lundgren (1980) and Tufto and Willeke (1982) both show close
agreement with equation (2.1). Howaever, ali three of these studies were carried out for Stokes numbers in
the range 0.003 < Stk < 3.0, whereas the Stokes numbers encountered in our field study were much smaller
(0.0001 < Stk < 0.001). Thus the applicability of the results of these studies to our data is questionable.
Because of this, no correction for anisokinetic sampling has been applied to our data.

2.2.4 Pertluorocarbon Tracer

Because the Tenax removes all hydrocarbons from the air (including, for example, automobile exhaust
emissions) the background “noise” level of the sample tubes was much higher than that of a simple filter
which would have collected only the aerosol portion. In order to provide a check on the fog oil
concentrations as well as to extend our detection range to 2000 m, we released small amounts of
pertluorocarbon tracers with the fog-oil smoke. The appeal of perfluorocarbon tracers, described by
Lovelock and Ferber (1882) is threefold: 1) they are readily detectable well below the part-per-trillion level
and the total atmospheric perfluorocarbon burden is very low, thus making very long range measurements
possible; 2) they are non-toxic and resistant to environmental and thermal degradation unlike the more
familiar halocarbons; 3) they are relatively inexpensive.

Perluorocarbon tracer deployment and analysis techniques were developed and demonstrated by the
Air Resources Laboratory (ARL) of the National Oceanic and Atmospheric Administration (NOAA) and by
Brookhaven National Laboratory (BNL) as described by Ferber, &t al. (1981) tor pertiuoro-
monomethylcyciohexane (PMCH) and perfluorodimethyicyclohexane (PDCH). These two compounds were
successlully empioyed as gaseous tracers in the CAPTEX 83 Cross-Appalachian Tracer Experiments (Ferber
and Heffter, 1983). Dietz and Dabberdt (1983) have compiled an extensive repon describing both PMCH

and PDCH as well as the preferred methods of release, sampling and chemical analysis for atmospheric
dispersion experiments.

Because we were interested in measuring both the vapor and aerosol phases of the fog-oil smoke, we
investigated pertluorocarbon compounds having much lower vapor pressures than PMCH and POCH, such
as the Fluorinen series manufactured by the 3M Company. We also considered decachlorobiphenyl (DCBP)
which was used as a tracer by Jenkins, et a/. (1983) in their studies of the inhalation toxicity of fog-oil smoke in
rats. We chose to use Fluorinert FC-72 and FC-70; FC-72 was expected to remain in the vapor phase while
FC-70 was expected to recondense after vaporization.

Prior 10 each test, a 10 ml syringe was filled with an equal mixture of FC-72 and FC-70 and loaded into a
syringe pump. The tracer was dispensed at a rate of 3 ml/hr or 6.2 g/hr into the hot exhaust stream of the
fog-oil smoke generator where it was vaporized. The tracers were not mixed directly into the fog oil for
several reasons. Ensuring a homogeneous mixture of tracer and fog oil would have been difficult. It would
also have been impossible to determine exactly how much tracer had been released. Most importantly, we
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were concerned that subjecting the tracers to the high temperatures experienced inside the M3A3E3
generator might cause them to breakdown.

To avoid the potential thermal decomposition of the tracer (and to make sure that this study did not
contribute signiticantly to the atmospheric background concentration of perfluorocarbons), we released the
minimum amount of tracer material which we estimated would be detectable at 2000 m. This minimum was
determined assuming the minimum amount detectable by the electron capture detector (ECD) on the gas
chromatograph 1o be the rated 10- mg and the aspiration rate of the samplers to be 1 Zpm for 1 hour. Thus
the minimum detectable concentration was determined to be

= 10° mg
(1 pm) (10°m%/2) (60 min)

= 1.67X 10" mg/m" (2.3)

xmin

With the minimum dilution factor x (= concentration / release rate) computed from a simple gaussian

plume model to be 1 X 105 s/m3 at 2000 m for a 5 nvs wind speed, the minimum release rate was computed
to be

-5 3
Memin = 17X 195 (mggm L . 1.67 mg/s — 6.0 g/hr 2.4)
1X10  (s/im)

it should be noted, however, that a higher priority was assigned to the sampling and analysis of the
fog-oil smoke over the tracers. This priority is reflected in many aspects of the experimental design; for
example, the separation column and temperature programming of the gas chromatograph were optimized for
fog oil, not perlluorocarbons, and the sample tubes were filled with Tenax rather than Ambersorb (the
adsorbent recommended by Dietz and Dabberdt). Because of the many compromises favoring fog-oil smoke
measurements we considered deleting the tracers altogether from the experiments. However, since this was
a pilot study to investigate various measurement approaches, we attempted their use but de-emphasized
their role in favor of directly measuring ambient fog-oil smoke concentrations.

2.3 DISCUSSION OF FIELD DATA

Eleven trials in all were carried out but only the last three were sufficiently successful to be useful for
modeliing purposes. Although many factors contributed to this outcome, three were particularly problematic.
Firstly, because of Dugway's extremely tigh! schedule, we were compelled to conduct at least one test each
day despite the fact that a minimal chemical analysis of the samples acquired during any given test required
nearly 48 hours to complete, including shipping by Federal Express. This meant that we could not

implement any changes in test procedure suggested by the results of \ne data analysis until several more
tests had already been conducted.

Secondly, our original sampling network (Figure 2.2) was designed to accommodate a wide range of
wind directions and so the samplers were laid out in such a manner as to cover a large area (1600 m by 800 m
at 100 m intervals). This resulted in insufficient spatial resolution: during tests with high winds, the plume was
less than 100 m wide until it was more than 400 m down range, thus fewer than a half dozen samplers were
actually exposed to the plume at less than 400 m; during convective, low wind speed tests the initial upward
momenturn of the plume was augmented by strong insolation which caused the bulk of the plume to rise
above the height of the sampiers (1.5 m) by the tim it had traveled tuv *.1e first row. This problem was
overcome by implementing the high resolution network (Figure 2.3); however, because of the tight test
schedule, eight tests had heen conducted before this problem could be identified and corrected.

Finally, the distance from the point of release at which the smoke could be detected was limited to about
200 m gue to the high background "noise” level caused by contamination of the sample tubes. The reason
for this high background level centers on the basic design of the concentration sampler itself. Since the

i




Tenax readily adsorbs hydrocarbons from the atmosphere, each sample tube had to be thermally
conditioned prior to use to remove any hydrocarbons already present. Subsequent to this conditioning
procedure, the tubes were allowed to cool and were then sealed with plastic endcaps. Laboratory tests
indicated that this produced adequately conditioned tubes; however, tubes which were transported to
Dugwv "y, but not used, showed an average contamination of 0.37 ui per tube. This contamination was
eventually traced to the apparent outgasslng of the plastic endcaps. As a result, smoke concentrations less
than about 1 mg/m (which resulted in substantially less than 0.37 i of oil collected) were not discernibie
from the noise; such concentration levels occurred at roughly 200 m for these tests.

2.3.2 Concentration Data

The results of tests T0009, T0010 and T0011, conducted on the high resolution grid, are given in
Appendix D. Isopleths of these data are plotted in Figures 2.5 through 2.7. In these figures the sampler
locations are indicated by small open circles. The position of the source is also indicated along with an arrow
which shows the mean wind direction during the testing period. The shaded area on each side of the arrow is
proportional 1o the standard deviation of the wind direction. During the course of each of these tests the
M3A3E3 smoke generato: unit failed. This is the reason for the STOP and RESTART times indicated in the
figures. During TO011 (11 April 1985) the wind direction changed while the generators were being
field-repaired. To accommodate this wind shift, the generator was relocated prior to restarting the test; both
locations are indicaied in Figure 2.7.

These figures give a somewhat distorted impression of the plume. This is largely due to the ditficulty
encountered in contouring irregularly gridded data such as these. The extent of this difficulty is best

revealed by comparing these figures to the predictions of a simple gaussian plume model (Pasquill and
Smith, 1983, p. 320)

2
Q _J
xX(xy0) 8 ——— exp|~7 2

2 (2.5)
4y o, S, 2 S,

where x(x,y,0) is the mean concentration at ground level, Q is the release rate, U is the mean wind speed and
Sy and g, are the plume parameters defined by

Sy

cexf1(x)

(2.6)

S,

o, X t,(x)

Here o and o, are the measured standard deviations of the wind direction and inclination, respectively; x is
the distance downwind of the source and the f(x) are empirical functions of downwind distance. We have
used Draxler's (1976) form for the 1(x)

s
(x) = 1,x) = 2.7)

1+0.90,/x/(UT)

Draxler defines T; as the travel time (=x/U) for f(x) to fall to one half of its initial value. Based on diffusion data
from several field studies, Draxler suggests T; = 300 s for ditfusion from a near surface level source.

isopleths of the predictions of the model for tests T0009, T0010 and T0011 are presented in Figures
2.8 through 2.10, respectively. These contours were determined from predictions for a rectangular grid (7
x11) and do not appear to be in especially close agreement vuti the field data. However, Figures 2.11
through 2.13 present isopleths of the same mode! predictions determined at the sampler locations used to
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Figure 2.5 Isopleths of average concentration for tast T0009. Sampler locations are indicated by small filled circles.
the arrow at the source location indicates the mean wind direction; its length is proportional 1o the mean
wind speed. The shaded sector around the arrow indicates the standard deviation of the wind direction.
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Figure 2.8 Isopleths of average concantration for test TO010. Sampler locations are indicated by small filled circles.
The arrow at the source location indicates the mean wind direction; its length is proportional to the mean
wind speed. The shaded sector around the urrow indicates the standard deviation of the wind direction.
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Figure 2.7 !sopleths of average concentration for test TOO11. Sampler locations are indicated by small filled circles.
The arrow at the source location indicates the mean wind direction; its length is proportional to the mean
wind speed. The shaded sector around the arrow indicates the standard deviation of the wind direction.
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for test T0009.
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Figure 2.9 Isopleths of average concentration computed on a rectangular grid (7 x 11) using Draxler's (1976) mode!
for test T0010.
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Figure 2.11  Isopleths of average concantration based on values computad at the sampler locations using Draxlers (1976)
gaussian plume modal for test T0009.
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Figure 2.12 Isopleths of average concentration based on values computed at the sampler locations using
Draxler's (1978) gaussian plume modal for test T0010.
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collect the data. These figures appear much more like those representing the field data; the distortion is thus
seen to be largely due to interpolation ambiguities and not a fault in the data.

It should be noted that for T0009, the source was initially located at J4 (0,0) rather than (-4,30) as
Indicated in the figures. However, because the bulk of the plume missed the sampling grid to the west
(toward the bottom of the figure) from this release point, the source was relocated to (-4,30) within the first 15
minutes of the test. Because the disemination of smoke continued during the relocation, the data closest to
the release point appear to suggest a release point between (0,0) and (-4,30).

Another apparent discrepancy between the data and model predictions occurs for test T0O010 where
the field data appear to be at odds with the wind direction. As Figure 2.17 indicates, the wind direction
‘frequency distribution for T0010 was actually bimodal and thus not well represented by the mean value of
201°. As a result, the model prediction for T0010, which assumes a normal wind direction frequency
distribution, is not in as close agreement with the field data as those for T0009 and T0011 when the wind
direction frequency distributions were both nearly normal. Furthermore, a carefu!l examination of the
frequency distribution and the contour plots for T0010 shows that the data do indeed reflect the observed
wingd pattern.

Comparison of Figures 2.11 - 2.13 with Figures 2.5 - 2.7 indicates that the model and data are in
reasonably good qualitative agreement. More quantitative comparisons may be made by examining Figures
2.14 - 2.16 where model predictions and data are plotted for each transect. These comparisons indicate that
the maxima are in virtually the same locations on each transect, the lateral spreading is roughly equal and the
concentrations decline with distance in a similar manner. However, the magnitude of the data is larger than
the mode! predictions by about a factor of three. This difference is most likely an indication of the
shortcomings of this simple model rather than of problems with the data. Comparisons of more sophisticated
dispersion models with these data, carried out by Policastro, et al. (1986), reveal much closer agreement
between the field data and the model predictions.

Data from other field studies also support the field data. Table 2.2 presents a comparison of data from
the present study with selected tests from Project CONDORS (Kaimal, st al., 1986) and Project Prairie Grass.
All of these tests were comprised of near-surface releases into unstable atmospheric conditions. Project
CONDORS involved the measurement by lidar and doppler radar of fog-oil smoke concentrations at
elevations above 50 m resulting from both surface and elevated releases. Eslimates of ground level
concentration were obtained by extrapolating downward from the 50 m elevalion assuming a zero
concentration gradient. Gaseous suiphur dioxide was released during the Prairie Grass study. In the table,
Uiw,, the ratio of the mean velocity to the convective velocity scaie, provides an indication of the strength of
the convection; a value near or less than unity indicates strong convection. The dilution factor, x/Q, is the
average concentration along the centerline of the plume divided by the release rate; it will be used to
compare the results of the different studies.

The tabulated values reveal that the dilution factors computed from the Prairie Grass data are two to
three times greater than the corresponding values from our data on both the 50 m and 200 m transects. This
may be due to the differences in release conditions: the SO, was released close to the ground and with an
exit velocity and temperature near ambient whereas we generated (og-oil smoke with a high exit temperature
and velocity directed upward at a 45° angle 1o the ground. This probably caused the fog-oil smoke piume to
develop farther from the ground and thus to yield lower concentrations near the ground than would have
ocurred had a refease scheme more similar to the Prairie Grass method been adopted. Conversely, the
values from the CONDORS data are somewhat lower than ours, probably due to a combinaticn of the 3 m
release height and the assumed zero gradient between the ground and the 50 m measurement height.
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200 m (lower right) transects. The error bars indicate the 90% confidence limits.
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Table 2.2 Comparison of Concentration Data from Several Field Studies

Test UM, x/Q (s-m3)
50m 200 m
Present Study T0009 3.0 6.88 x 1074 3.17x 105
T0010 0.9 2.26 x 104 8.61 x 10-5
TOO11 3.2 6.94 x 104 8.97 x 105
Prairie Grass 7 28 103 x 104 470 x 1075
10 2.6 18.5x 104 11.4 x 105
16 1.4 427 x 104 219 x 1075
25 2.7 28.3 x 10-4 7.55x 105
CONDORS 4-82 1.3 - 1.29 x 10°5
5-82 0.9 - 3.96 x 10°5
1-83 1.6 - 2.93x10°5
2-83 0.9 — 4.85x 10°5
3-83 1.3 - 2.31x10°
4-83 1.0 - 2.03x 10°5

2.3.3 Particle Size Data

Particle size data were successfully acquired during tests T0009, T0010 and T0011. The data from

these trials is summarized in Table 2.3 along with the results of a measurement using our iaboratory fog-oil
smoke generator.

Table 2.3 Summary of Particle Size Data

impactor No. Flow Rate

Location dm MMAD Sy
(Lpm) (xy) (um): (wm)

10009 6 1.4 (25,0) 0.61 0.34 2.06
7 1.2 (50.0) 1.27 0.79 1.86

10010 1 0.7 (375,0) 1.18 0.88 2.82
6 0.6 (350,0) 1.35 .31 4.44

3 1.4 (300,-50) 0.86 0.85 3.81

4 1.1 (300,-50) 1.06 0.51 3.04

10011 7 1.3 (25,0) 0.71 0.35 3.19
8 1.0 (50,0) 1.32 0.89 3.34

5 1.4 (400,0) 0.63 0.71 7.04

kab Smoke - 1.0 - 0.70 0.42 2.18

In the table, the flow rate through the impactor is listed as well as its position on the sample grid during
the test. The mass mean diameter dy4, mass median gerodynamic diameter (MMAD) and geometric standard
deviation og are also given. These are used to characterize the size distribution of the fog-oil smoke and to
provide a basis for comparison with the results of a previous examination of fog-oil smoke by IITRI (Katz, et al.,




1980). The mass mean diameter is computed by summing the products of the mass frztions per stage x;,
and the 50% cutoff sizes Dpso (Table 2.1) after adjustment for the measured flow rate Hinds, 1982; page

79):
7 8
dy = in Opso,i + % = mi/E m; (2.8)

im1 im1

Here m; is the mass collected on an individual stage of the impactor. Note that the first summation, to
compute the mean, is over the seven stages ol the impactor only whereas the mass fraction computation
must also include the mass collected on the backup filter.. ITRI computed the mass mean diameter somewhat
differently: instead of using the Dygq value for each stage, they used an average comprised of the Dpsg for a

olven stage and the previous stage. That is, the Dpso for stage 2 would be an average of the values for stage
1cnd 2.

The mass median aerodynamic diameter (MMAD) indicates the particle size at which 50% of the
cumulative mass occurs. The aerodynamic diameter is the diameter of a spherical particle exhibiting the same
aerodynamic behavior as the particle in question. However, since the fog-oil smoke droplets are essentially
spherical, the droplet diameter and the aerodynamic diameter are equivalent. Together with the geometric
standard deviation g the MMAD describes a log-normal distribution (Hinds,1982; page 85):

(ind_ ~ In MMAD)?

o = —m=t expl - —|dq, (2.9)
J2n dp In S, 2 (In dp)

Here df is the fraction of particles having diameters between dpanddy +ddp,.

Plots of the data collected from each impactor listed in Table 2.3 are presented in Figures 2.18 through
2.27. These figures represent the percentage of the total mass collected that was contributed by particles’
less than or equal to a given aerodynamic diameter. The D 50 Sizés for each impactor have been corrected
for the actual, measured tlow rate. The straight line in these figures reprasents a log-normal distribution
having the same MMAD and geometric standard deviation gy as the data.

The smoke generated in the laboratory is shown in Figure 2.18 1o be well characterized by a log-normal
distribution; the data all lie close to the straight line. Most of the field data are also well represented by a
log-normal distribution, as the figures demonstrate. Several, however, deviate signiticantly from log-normal.
Figure 2.19, for example, is essentially monodisperse (most of the mass collected on stage 6) at 0.62 um.
Figures 2.24 and 2.26 also deviate from log-normal but in @ manner which suggests clogged jels.

The average mass mean and mass median diameters for the data are 1.0 and 0.74 um respectively. This
is slightly smaller than IITRI's results (1.16 and 0.9 um for mass mean and mass median diameters,
respectively) which probably reflects our smaller DpSO values. (Recall that we did not average successive
Dpso sizes as IITRIdid.) IITRI also observed that the aerosol agglomerated with time in their test chamber. No
similar trend of increased particle size with distance is discernible from our data. Although this may be due to

a rather large amount of scatter in the present data, it might also be true that agglomeration is not as
significant in an unconfined aerosol.

2.3.4 Deposition Data

No significant amounts of fog-oil smoke were detected on the deposition filters for any test whether
they were oriented horizontally or vertically. Since both analysis procedures outlined earlier produced
consistent results for laboratory-prepared standard samples (filters on which a known amourt of oil had been
deposited), it may be concluded that within the resolution of our method of analysis, deposition and
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Figure 2.18 Log-probability plot of the cumulative size distribution of a Iaborato%'-generatod oil fog aerosol.
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Figure 2.19 Log-probability plot of the cumulative size distribution of il fog asrosol for test T0009.

Cascade Impactor no. 6 located at (25,0), about 40 m downwind of the smoke source.

Aspiration Aate: 1.42 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.34 microns
Geometric Standard Deviation: 2.08.
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Figure 2,20 Log-probability plot of the cumulative size distribution of oil fog aarosol for test T0009.
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Cascade Impactor no. 7 located at (50,0), about 80 m downwind of the smoke source.

Aspiration Rate: 1.23 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.79 microns
Geometric Standard Deviation: 1.88.
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Figure 2.21 Log-probability plot of the cumulative size distribution of oil fog aeroso! for test T0010.
Cascade Impactor no. 1 located a h’}375 ,0), about 25 m downwind of the smoke source.
Aspiration Rate: 0.71 Lpm; Mass Median Asrodynamic Diametar (MMAD): 0,88 microns

Geometric Standard Deviation: 2.82.
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Figure 2.22 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0010.
Cascade Impactor no. 6 located at (350,0), about 50 m downwind of the smoke source.

Aspiration Rate: 0.57 Lpm; Mass Median Aerodynamic Diameter (MMAD): 1.31 microns
Geometric Standard Deviation: 4.44.
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Figure 2.23 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0010.
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Aspiration Rate: 1.37 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.85 microns
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Figure 2.24 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0010.
Cascade Impactor no. 4 located at (300,-50), about 110 m downwind of the smoke source.
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Geometric Standard Deviation: 3.04,
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Figure 2.25 Log-probability plot of the cumulative size distribution of oil fog aerosol for tast T0011.
Cascade Impactor no. 7 located at (25,0), about 35 m downwind of the smoke source.
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Figure 2.26 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0011.
Cascade Impactor no. 8 located at (50,0), about 55 m downwind of the smoke source.
Aspiration Rate: 1.04 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.89 microns
Geometric Standard Deviation: 3.34,
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Figure 2.27 Log-probability plot of the cumulative size distribution of oil fog aerosol for test T0011.
Cascade Impactor no. 5 located about 440 m downwind of the smoke source.

Aspiration Rate: 1.42 Lpm; Mass Median Aerodynamic Diameter (MMAD): 0.71 microns
Geometric Standard Deviation: 7.04.




impaction are not significant removal mechanisms for fog-oil smoke produced by an M3A3ES3 unit. This is
consistent with the size distribution data gathered from the cascade impactors: for micron-sized particles

having a density of 0.9 g/cm3, deposition Is not expected to be significant. This can be seen by examining
the dimensionless parameter h,

w_h
h o= o = 290 2.10)
Cw TL Cw TL

Here w, s the settling velocity and is equal to the product of the response time (equation (2.2)) and the
acceleration due fo gravity; h is the release height of the particle, 5,2 is the variance of the vertical velocity
fluctuations and T Is the Lagrangian integral time. Together, {,,2 T|) is a measure of the local turbulence.
Boughton (1983) has shown that this parameter indicates the relative significance of settling and turbulent
dispersion. If wq or 1 is very small, then h, <<1 and settling is not significant conipared with turbulence. This
is the case for the fog-oll smoke since t= 1065, g = 9.8 Vs, h = 1.2 m and 6,2 T = 100 m2/s leads to h, ~
10°7. (However, if we wera to consider a hailstone having t =~ 10! s and h = 103 m then h, ~ 102 znd
turbulence would not be significant compared to settling.)

This finding is also in agreement with the experimental work of Clough (1973). Clough measured the
rate of deposition of solid particles to smooth extended surfaces and horizontal filter paper in a large wind
tunnel. His results supported the theorstical work of Sehmel (1973) who predicted that deposition was
exceedingly small for particles in the range 0.1 - 1.0 um. In this range, the particles are too large for diffusion
to significantly influence deposition but too small to have an appreciable settling velocity, as the analysis in
the previous paragraph demonstrates. Clough presents data from a study of deposition to grass by
Chamberlain which shows that aithough the settiing velocity has a minimum in the range 0.1 - 1.0 um, itis
larger (by as much as ten times) than that indicated by Sehmel or Clough. This is probably due to impaction
on the upright blades of grass. Garland (1982) discusses more recent field studies having the same results.
Since we were unable to detect measurable levels of fog-oil smoke on either horizontal ¢ vertical surfaces,

the deposition of fog-oil smoke, whether by settling, diffusion or impaction, is probably insignificant at
distances greater than 25 m from the source.

2.3.5 Aerosol Phase Partitioning

In order to assess the degree to which the fog-oil smoke is partitioned into vapor and droplet phases,
concentration sampling tubes were placed in serias with cascade impactors. All of the droplet phase was
collected on the seven stages of the impactor or on its backup filter. Any vapor would pass through the
impactor and be adsorbed by the Tenax in the concentration sampler. The results of all of these
measurements were that no amount of fog-oil smoke significantly above the background level was detected
on the concentration samplers whereas oil droplets were clearly visible and present in significant quantities
on the stages of the impactors. Subsequent taboratory tests were carried out due to concern over the high
detection threshold of the sample tubes used in the field. These tests confirmed our finding that, unlike
diesel fuel based smokes, 99% of the fog-oil smoke exists in the droplet phase.

2.3.6 Chemical Aging

Chemical analysis of the fog-oil smoke samples by packed column gas chromatography revealed no
discernible differences between the composition of the raw fog oil and either the smoke immediately
downwind of the M3A3E3 or at large distances from the generator. However, analysis by a higher resolution

method is necessary to confirm this finding. Details of the chemical analysis are presented in DeVaull, et al.
(1988).




3.0 SOURCE MEASUREMENTS

Detalled, time-dependent data conceming the behavior of the smoke source are necessary for the
accurate yrediction of downwind dosages as well as for the evaluation of models which predict such
dosages. In the present study of fog-oil smoke, data describing the behavior of the M3A3E3 oil fog
generators were collected during the release periods. This section describes the instruments and

procedures employed to acquire and reduce these source data in addition to proviling a summary and
discussion of the data obtained.

3.1 The M3A3E3 Generator

The M3A3E3 fog-oil smoke generator, illustrated in Figure 3.1, produces smoke by vaporizing fog oil
and ejecting it into the atmosphere at a nominal rate of 48 galions of SGF-2 fog oil per hour (U. S. Army). A
fog oil pump assembly, driven by a small, one-cylinder reciprocating engine, draws fog oil from a reservoir and
pumps It into the engine tube of a pulse jet engine. The high temperature of the combustion gases causes
the fog oil to vaporize. The vaporized fog oil is forced through three outlet nozzles at high velocity into the

atmosphere where it condenses forming a dense, white smoke. The resutting aerosol is a two phase mixture
of micron sized droplets and vapor.

Two M3A3E3 generators, prototypes of a design to replace the Korean War vintage M3A3 units, were
secured for use in the present study. Both units were considered 0 be in new condition: one had never
been operated and the other had only been tast fired briefly prior to shipment. During a preliminary test of

the generators and sampling system at Argonne National Laboratory in January 1985, both units were
operated without incident.

Upon arriving at DPG, the generators and their associated instrumentation were mounted on a flatbed
iraller. This was done to enable siting decisions to be based on the prevailing wind direction immediately
prior to the testing period. As a result, the exit nozzles were located at an elevation of 1.2 m (4 ft) above the
ground. The two ganerators were never operated simultaneously but rather were used to provide redundant
capability and thus minimize the time lost in the event of equipment failure. No difference in either operating
or smoke characteristics was detected between the two M3A3E3 units.

This redundant capability proved to be necessary as failure of the generators occurred frequently
despite the presence of trained M3A3 operatorftechnicians supplied by DPG. The most trouble-prone
aspects of the M3A3E3 were the gasoline engine and the rubber air hoses. The gasoline engine on each
M3ASES unit was difficult to start and idled roughly. This was eventually diagnosed by Dugway Proving
Ground personnel as the effects of altitude. To overcome this problem, the float level in the carburetor was
adjusted and the fuel metering jets resized on both units. The spark plug and ignition points were also
replaced. The rubber air hoses repeatedly ruptured. This resulted from the embritttement and melting
caused by their close proximity to the red hot body of the pulse jet engine assembly (17 in Figure 3.1). This
problem was overcome by replacing the rubber hoses with thick-walled copper tubing.

In addition to these failure modes, many of the M3A3E3 oil lines leaked excessively. This might explain
why the actual release rate was always less than the nominal rate of 48 gallons per hour. In fact, during our
next to last test, the fog oil pump on one M3A3E3 unit failed completely. Upon returning to lilinois we
discovered that the pump's impeller had become friction welded to the casing, probabiy as a result of an
insufficient oil flow rate. These problems with the M3A3E3 caused many delays and occasional cancellations

of testing. Several tests were cut short by a failure of one of the M3A3E3s while the other was being
repaired.
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' BELT GUARQ ASSEMBLY 1J. LOOP CLAMP 2% QUICK DISCONNECT
2 NUT 14 PRESSURE SWITCH 26. QUICK OISCONNECT
3 WASHER 15. AIR COMPRESSOR ASSY 27 CONTRQL PAMEL
4 SCREV/ 16 BELT 28 TOGGLE vALVE
5 FOG OI1L PUMP ASSY 17 PULSE JET ENGINE ASSY 29 SwWiTCh
6 FOG OiL CONTROL VALVE 13 GLOBE VALVE 230 PUARGE AIR SWITCH
! SWIVEL NUT TEE ASSY 19 MALE ELBOW J1 STAAT AIR S TCr
8 MALE ELBOW 20 FRAME ASSY 32 ENGINE ASSY
9  COMDUSTION IGNITION MACNETO 21 QOWICK DISCONNECT 1) FUEL PUMP ASSY
10 MAGNETOQ PULLEY 22. MOZZLE ASSEMBLY Ja BELT
11 HOT GAS ISOLATOR 2. OUICK DISCONNECT 15 HOSE CLANP
12 UNLOADER VALVE ASSY 24 AIRPRESSURE GAGE

4A150~001

Figure 3.1. M3A3E3 Smoke Generator Assemblies and Major Components (from M3A3E3 Operation's Manual ),
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3.2 The Ideal Data Set

Policastro and Dunn (1985) have described the ideal data set for evaluation of smoke hazard models.
For the purposes of source definition, this data set includes:

(@ the location(s) and elevation(s) and exit diameter(s) of the smoke release point(s) and the
direction of smoke plume release when a smoke generator or vehicle exhaust is utilized,

(b) the mass release rate (kg/s) of smoke material as a function of time over the entire period of
smoke generation,

() the partlclé size distribution and composition of material as it leaves the generating device, and
(d) the exit temperature and velocity of the smoke plume, also as a function of time.
in the present study, all of these characteristics were measured.

3.3 Data Acquisition and Reduction

In order to effect time-dependent measurements of the exit temperature, all three exhaust ports on
each generator were instrumented with chromel/alumel (type K) thermocouples. During a test, the output of
these thermocouples was scanned at 20-second intervals with a model CR7 datalogger manufactured by
Campbeli Scientific, Inc. (Logan, Utah) and stored on cassette tape. Since the measured exit temperatures
varied by only a degree or less between adjacent ports, the instantaneous exit temperature was determined
by averaging the three measured values. Additionally, the instantaneous exit temperature fluctuated due to

the instantaneous values over 1-minute periods.

Fog oil was drawn from a 55-gallon drum located on the flatbed trailer. Since the M3A3E3 also uses the
fog oil as a coolant, both a supply and return line must be connected to the 55-gallon drum. For this reason,
direct measurements of the rate of fog oil release were impractical. Instead, the 55-gallon drum was placed
on a 500 kg capacity digital scale manufactured by Circuits and Systems (Rockaway, New York) which had
been mounted on the flatbed trailer. The analog voltage output of the scale was recorded at 20-second
intervals with the CR7 datalogger. In this manner the instantaneous mass of the drum was obtained. By
differentiating these data, the instantaneous rate of release could be determined. Due 10 the vibration of the
generator, the instantaneous mass values exhibited fluctuations. These were overcome by averaging the
data over 1-minute periods and smoothing the results using a 5-point moving average technique. The data
were then numerically differentiated to obtain the instantaneous rate of release.

Estimates of the exit velocity of the smoke were obtained periodically during a test by measuring the
difference between the static and stagnation pressures at the nozzles with a pitot probe and a Magnehelic
differential pressure gauge. The calculation of the exit velocity took into account the high temperature of the
exhaust stream as well as the increased density of the exhaust stream due to the fog oil. The calculation
proceeded in an iterative fashion as follows: with the well known relation

Ap = 1/2pu§ 3.1)

where Ap = Pgragnation ~ Pstatic 8Nd p is the density of the flow stream, a first estimate of the exit veloCity ug
was made using the measured value of Ap and taking p equal to the density of air at atmospheric pressure
and the average exit temperature. Next, the niass rate of release was estimated:

ms=pu,A (3.2)
where p is the density and ug is the exit velocity computed previously. A is the area of the three exhaust !
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l the action of the pulse jet engine. The effect of these fluctuations upon the data were reduced by averaging




ports (A= 3 X 1/4 nd.z ) where dg is the port diameter. Note that this is really the mass flow rate of the air

alone. To estimate the total mass flow rate, the mass rate of release of the oil, which was computed directly

from the instantaneous welight of the oil drum was added:
]

*
m = mai

tatal + moil (3'3)

r
With this result, a new estimate of the density of the flow stream could be made:

n"total
p = u‘A ‘ (3.4)

Using this estimate of p in equation (3.1), ug was recomputed and the procedure repeated until it converged.

Periodically, samples of the fog-oil smoke 1 m downwind of the M3A3E3 were obtained in order to
compare its chemical composition both with raw fog oil from the supply drum and with samples obtained at
greater downwind distances. This was accomplished by placing a large-mouth glass jar in the plume for
1-minute. The jar was then sealed and labeled according to test and time of day for subsequent analysis.

A Mercer-style cascade impactor, Intox Products, Inc. (Albuquerque, New Mexico) moda! 02-100, was
located 1 m downstream of the M3A3E3 in order to measure the initial size distribution of the smoke. The
impactor was aspirated at a rate of 1 liter per minute (Lpm). Due to the proximity of the impactor to the

generator, it was very difticult to obtain an adequate sample of the fog-oil smoke without overioading the
impactor.

3.4 Results

conducted are given in Figures 3.2 through 3.8. Test-averaged values for the duration of release, release
rate and exit velocity are presented in Table 3.1. No real-time source data were gathered during the tests on
March 21 and 25. During the test on April 4, the recording tape jammed 34 minutes into the test. This was
not detected until 73 minutes into the test and resulted in a loss of source data during that interval. Failure of
the recording equipment on April 10, 1985 prevented the acquisition of time-dependent data from the tests

on April 10 and 11. For these tests, the mass of oil released was determined from the initial and final weights
of the tog oil drum, independently recorded.

Careful examination of the results presented in Figures 3.2-3.8 leads to several conclusions. First, the
exit lemperature is strongly dependent on the rate of release. This is especially evident in Figure 3.8 where
signiticant changes in release rate lead to precipitous changes in exit temperature. The reverse is not
necessarily true, however. Figure 3.7 shows a dramatic decline in the exit temperature due to the failure of
an air line. The release rate is seen 10 be unaffected.

Secondly, it is apparent that both the release rates and exit temperatures varied significantly both from
test 10 test and during a given test. This highlights the need for time-dependent data. This also
demonstrates the difficulty encountered in operating the fog-oil smoke generators. The generators had to
be constantly monitored and the flow rate continuously adjusted in order to maintain successful operation.

Finally, it should be noted that the release rate rarely approached the nominal value of 45 g/s (48
galions/hour) stated in the operator's manual. Although the generator was operated with the flow control

valve in the fully open position as often as possible, the reiease rates were in the range 18 g/s to 43 g/s with
an average of 30 ¢/s.

The exit velocity was computed from the measured difference in the static and stagnation pressures at
the nozzle exit plane. The computation was corrected for the average exit temperature and average release
rate. The small variation in the computed valuses of the exit velocity is largely due to the test to test variations
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l Plots of the time-dependent exit temperature and rate of release for nine of the eleven tests
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in average exit temperature and release rate; the exit plane pressure differances are more uniform. This
suggests that the average exit velocity of 78 mvs is probably sufficiently accurate to characterize these tests.

Chemical analysis of the fog-oil smoke samples by low-resoiution gas chromatography revealed no
discernible differences between the composition of the raw fog oil and either the smoke immediately
downwind of the M3A3E3 or at large distances from the generator. Analysis of the cascade impactor data
revealad that the size disiribution of the fog-oil smoke is nearly log-normal with a mass median diameter of
about 0.74 um. Details ot the chemical and size distribution analyses are described by CeVaull, et al. (1988).
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4.0 METEOROLOGICAL DATA

Meteorological data are available for eleven trial releases of oil fog smoke. Five trials were conducted
under Pasquill stability class D (near-neutral) conditions, three under class C (slightly unstable) conditions,
two under class B (moderately unstable) conditions and one under class A (very unstable) conditions.

Data were collected from two 32 m towers iocated at the test site (see Figure 2.2) in order to provide an
accurate description of the ambient meteorology during fog-oil smoke releases. These data were gathered in
order to determine those quantities required by predictive models of short-range atmospheric dispersion and
thus, in conjunction with the measured values of dosage, provide a comprehensive data set for modeling
and hazard evaluation purposes.

Time dependent measurements of wind speed, wind direction, angle of inclination and temperature
were carried out at five levels. From these data, averages over periods of 30 seconds, ten minutes and the
duration of the test were computed. Parameiers indicating the state of the planetary boundary layer such as

the friction velocity, Monin-QObukhov length and other scales used by the models were also determined from
the © .a.

The data were examined for internal consistency and for agreement between the two instrument
towars. For example, the computed variance of each measurement was compargd with the value of its
auto-corielation at zeio time and with the integrai of its power spectrum. The computed values of the
Monin-Obukhov length were compared with the Pasquill stabllity classification and with the exponent of the
power law fit to the vertical profile of the wind srz2d. Time histories from each tower were examined for
correlated large scale phenomena and their separ2:on in time comparad with travel times estimated from
measurements of wind speed and direction. Thi« analysis showed that the data were, in fact, self-consistent
and that the data from the two towers were in close agreement.

In order 10 assess the quality of the meteorological data in more of an absolute sense, selected trials
representing extreme cases of atmospheric stability were compared to a model! of atmospheric turbulence
developed by Hajstrup (1982). The model describes the spectral distribution of turbulent energy in the
three cormponents of velocity. The model can also be used to pradict velocity variance and integral scales. It
was selected because it covers a broad range of stability conditions, as do the data. It was developad from,
and agrees very closely with, data gathered in two extensive studies of turbulence in the planetary boundary
layer over Kansas and Minnesota (Kaimal of al., 1972, 1976, 1978). in this way, our data may be indirectly
compared with data from those studies.

4.1 Meteorological Instrumentation

The instrumentation necessary for measuring wind speeds and directions was provided for both towers

by Duc: 1y Proving Ground. The instruments had been checked for proper operation and calibrated in
January 198S.

wind speeds were measured with Climet cup anemometers, model number 014-102 mounted at 2, 4,
8, 16 and 32 m. Fiuctuations in the horizontal and vertical wind angles were measured with Climet model
014-47 or 014-48 bivanes mounted at 4, 8, 16 and 32 m. Horizontal wind tluctuations at the 2-m level were
measured with a Climet 014-6 direction vane. A careful analysis of the dynamic response of the wind
instruments was performed and is presenied in Appendix A. This analysis indicates that, within the

frequency range of interest to the present study, no correction for instrument response need be applied to
the data.

The temperature values obtained with the RTDs on the Horizontal Grid Tower agreed very closely with
those obtained from the thermistors on the West Vertical Grid Tower. The values obtained from the
thermocouples on Horizontal Grid Tower were often as much as three degrees lower than those obtained
with the RTDs or thermistors. Thus, no analysis of the thermocouple readings was attempted.
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On the West Vertical Grid tower, temperature was measured at the 2, 4, 8, 16 and 32 m levels with
aspirated Climet 015-3 thermistors having a rated accuracy of +0.15 C°. On the Horizontal Grid tower,
temperature was measured with individually calibrated CGS type 21A-10 platinum RTDs accurate to +0.25 C°.
Differential temperaturas were measured with copper-constantan {type T) thermocouple pairs. Both the
RTDs and the thermocouples were housed in aspirated radiation shields.

Both instrument towers were 32 m in height with a 1.2 m by 1.8 m cross section; the long dimension was
located along a north-south line. The instrument booms on the West Vertical Grid tower projected east 2.1 m
from the south side of the tower ; whereas, those on the Horizontal Grid tower projected west 2.1 m from the
north side. The wind speed cups were mounted at the outer end of the boom; the wind vanes were
mounted 0.61 m from the :er end. Aspirator tubes for the thermistors were mounted on the northeast

" corner of West Vertical t¢* -. facing north; whereas, those for the RTDs and thermocouples were mounted

on the west side of Horizontai Grid tower facing south. Additionally, measurements of solar radiance and dew
point were made at the 2-m level on the West Vertical Grid tower. A cup anemometer and direction vane

mounted atop a two meter high mast provided wird speed and direction information at the generator
location.

The data from the West Vertizal Grid tower and the two meter mast was digitized and recorded on-site
with an HP 22501 computer and .ciemetered 10 Data Central located in the Ditto Technical Center of Dugway
Proving Ground for processing. The data from the Horizonta!l Grid tower was digitized and recorded on-site
with a Fluke 2280A Datalogger and transferred from magnetic tape to an I1BM PC/AT for first-pass processing.
Subsequent processing was performed at the University of lllinois.

All instruments on the Weslt Vertical Grid tower were sampled at 1-second intervals. On the Horizontal
Grid tower all wind instruments (e.g., cups, vanes) were sampled at 5-second intervals while the temperature
instruments (e.9., RTDs and thermocouples) were sampled at 1-minute intervals. The recording of
meteorological data was initiated prior to the commencement of smoke generation and lasted until after
generation had ceased. This resulted in data record lengths of 40 to 90 minutes. From these data, estimates
of the mean and variance of the wind speed, direction, inclination and temperature were computed for
periods of 30 seconds as as well as for the duration of the data recording period. The 30-second averages
were plotted to provide a time history of test meteorology for visual inspection and comparison.

4.2 Data Reduction and Analysis

The two imajor factors complicating the analysis of atmospheric turbulence are the extreme range in
scale and the non-stationary character of the flow. Whereas laboratory flows are limited in scale to the
physical dimensions of the apparatus, atmospheric scales can extend to several km in the vertical and tens or
hundreds of km in the horizontal. As a result, the statistics of the flow are very sensitive 10 the duration of the
sampling period. Worse yet, due 10 variatiens in terrain, diurnal variations in ground heating and changes in
the macroscopic weather system, atmospheric flows are generally non-stationary. (A stationary flow is one
whose statistics are invariant with time, therefore the statistics of a non-stationary tlow are functions of time.)
This renders most statistical methods of analysis including correlations and spectra theoretically invalid.

However, it is possible to transform a non-stationary signal into a stationary one by filtering out the
non-stationary components. This is tha purpose of "trend removal" (Bendat and Piersol, 1977, page 288).
Low frequency components with a period less than the period ¢! interest are approximated by a mean value
or linear trend and subtracted from the signal prior to analysis. In our analysis, the data were high-pass filtered
to fimit the range of scales to those relevant to short-range dispersion. The HJata were subsequently low-pass
fillered to estimate the magnitude of the non-stationary components which were then removed.




4.2.1 Means and‘ Variances

Estimates of the means and variances of the meteorological data were computed as time averages over
the period of interest. According to ergodic theory, if the turbulence is homogeneous and stationary along a
given spatial coordinate, then such a time average is equal to the ensemble average encountered in
turbulence theory. The inhomogeneous and non-stationary nature of atmospheric turbulence, discussed
earlier in this report, implies that estimates derived from time averages may be substantially in error. The
importance of this issue is discussed and illustrated with several examples by Chatwin and Allen (1985). It
therefore seems worthwhile to examine the averages and the averaging process to discover the nature and
magnitude of the errors introduced.

Pasquill and Smith (1983) provide an extensive discussion of the effects of finite sampling and
averaging times. They state that since finite sampling times partially exclude slow variations and since
instrument response affects fast fluctuations (essentially averaging them over some short but finite period),
“the mean velocity is thus recognized as a purely arbitrary quantity..." Clearly, this is true not only for velocity
but for all time-varying quantities. For this reason, the 30-second averages (which have a statistical error of
18.25%) are provided only for qualitative visual reference purposes.

Figures 4.1 and 4.2 present the time traces of 30-second averaged wind speeds for a case of
near-neutral stability (T0O005) conducted under overcast skies in the late morning of April 4, 1985 and an
unstable case (T0010) conducted under ciear skies in the early afternoon of April 10, 1985. It is apparent
from these data that the turbulence intensity o,,/U for the near-neutral test is small (=10%) while it is much
greater for the unstable case (=50%). Figures 4.3 and 4.4 indicate that although the wind direction was very
steady for test TO005, it was highly variable during T0010, which made the latter test very difficult to carry out.

The behavior of the vertical velocities may be inferred from the behavior of the vertical angle plotted in
Figures 4.5 and 4.6 for T0005 and T0010, respectively. (A positive angle corresponds to an upward
velocity.) These data reveal large differences in the intensity of the vertical velocity fluctuations. Clearly there
is much more vertical transport during the unstable test. It should be noted that the mean values of the
vertical angles indicated on Figures 4.5 and 4.6 are uncorrected. After correction for systematic errors due to
the fact that the bivanes were not mounted exactly parallel to the ground, the mean vertical velocities were
within the 89% confidence interval of zero.

Since estimates of the variance are of greater interest in predicting the diffusion of scalars in the
atmosphere, Pasquill and Smith's discussion focuses more quantitatively on them. They demonstrate that
the effect of finite sampling and averaging times is to apply low-pass and high-pass filters to the data. As the
neutral limit is approached, the peak of the spectra shifts toward higher frequencies and so more energy is at
frequencies greater thar 0.5 Hz (the Nyquist frequency for a 1-second sampling interval). As conditions
become more unstable, the spectral peaks shift toward lower frequencies and thus more energy is at
frequencies lower than 0.0003 Hz (corresponding to a record length of one hour). A graph presented by
Olesen, et al. {1984) has been used to estimate these losses. The correction factors have been tabulated in
Table 4.1.

For the near-neutral case, the variances of the horizontal components shown in Figures 4.7 and 4.8
agree quite well with the model predictions while the model seems to slightly underpredict the vertical values
as shown in Figure 4.9. For the unstable case, the opposite is true: for the vertical component there is good
agreement between the model and data as Figure 4.12 indicates while the model slightly overpredicts the
horizorial values presented in Figures 4.10 and 4.11. The discrepancy in the horizontal components is most
likely due to the sensitivity of the model to the value of the inversion height z;. The inversion height was not
measured in these experiments but only crudely estimated. Another factor which should be borne in mind is
that these data reflect only one realization of the turbulence. The model is based on an ensemble of
realizations and cannot be expected to predict the outcome of an individual experiment exactly.
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Table 4.1 Energy Losses Due to Limited Sampling (%)

J0005

2m 4m 8m 16m 32m
High Frequency 11 6 5 3
Low Frequency 1 1 2 3 4
Total Lost 12 8 8 7
¥Y-Component
High Fraquency 16 8 6 5 4
Low Frequency. .0 1 .. 2 3 3
Total Lost 16 9 8 8 7
W-Component
High Frequency - 29 29 20 15
Low Frequency - 0 0 0 0
Total Lost - 29 29 20 15

10010

2m 4am 8m 16m 32m
U-Component
Hich Frequency 2 2 2 2 23
Low Frequency 5 5 5 5 5
Total Lost 7 7 7 7 7
¥Y-Component
High Frequency 1 1 1 1 1
Low Frequency 9 9 9 9 9
Total Lost 10 10 10 10 10
High Frequency - 10 5 5 4
Low Fregquency - 1 3 2 3
Total Lost - 11 8 7 7

4.2.2 Scaling Paramaeters

Atmospheric turbulence is generated by mechanical forces (momentum flux or shear) and convective
forces (heat flux). The friction velocity u, is a measure of the shear stress t at the surface:

2 ——
u = 1t/p=uw @4.1)
where p is the air density, and the kinemaltic heat flux Q describes the convection:
H —
Q== =TWwW @.2)
PC,

and H is the sensible heat flux at the surface: H = - k dT/dz, where k is the thermal conductivity of the air and
dT/dz is the temperature gradient at the surface. Thus a negative temperature gradient at the surface implies
a positive heat fiux; that is, heat is moving upward, away from the warmer surface. The Monin-Obukhov
length L is a measure of the relative contributions of shear and convection to the turbulent energy:
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3
- 4.3)

@na | (

where g Is the acceleration due to gravity and T is the average (absoiute) temperature in the surface layer. L
is defined 5o that it has the same sign as the temperature gradient at the surface. That is, if the temperature
gradient is positive (the surface Is cooler than the overiaying fluid) then L > 0 and the fluid is stably stratified.
If, on the other hand, the gradient is negative (the surface is wammer than the overlaying fluid) then L < 0 and
the fluid is unstably stratified. At heights less than L shear is the dominant mechanism for the production of
turbulent energy; above this height convection dominates. On windy, overcast days there is very little solar
heat flux: as |Q] = 0, |L| = « and shear dominates the entire boundary layer. Conversely, during calm, sunny
‘days there is a strong positive heat flux: as Q —» o, -L — 0 and shear is confined to a very shallow layer near the
zurface while convection (evident by the presence of updrafts and downdrafts) dominates. Thus knowlege
of these scaling parameters is necessary for determining the state of the planetary boundary layer turbulence
which, in turn, is responsible for the transport and dispersion of airborne material such as smoke. A detailed
discussion of turbulence scaling in the planetary boundary layer is provided by Tennekes (1982).

L=-

The friction velocity, u,, the Monin-Obukhov length, L, and the temperature scales 6, and 8, were
determined at 5-minute intervals from running 10-minute averages of the wind speed and temperature
profiles by fitting the following scaling relations to the profiles:

xz dU
E--a; = ¢m(z/L) 4.4)
xz dT
—.EZ = ¢, (Z/L) 4.5)

Her2 x is Von Karman's constant, U and T are mean wind speed and temperature and ¢, and ¢y, are the
ostensibly universal functions for momentum and heat flux, raspectively, which have been empirically
determine 1 by Businger, et al. (1971), Dyer and Hicks (1970) and Hansen (1980).

This mnethod, suggested by Nieuwstadt (1977), minimizes the combined mean square error in fitting the
velocity and temparature profiles simultaneously. An estimate of the roughness height z,, is required to fit the
data to the profiles in this way. A value of z, = 0.02 m was found to yield the best fit for all cases. This agrees

with Biltof's (1982) findings that 0.02 < z, < 0.04 and with Waidron's (1977) average value of z, = 0.039 for
the same general area.

Figures 4.13 and 4.14 show 10-minute averaged wind speed data for a case of near-neutral stability
(TO00S) and an unstable case (T0010) along with profiles fitted to the data using the relationships due 1o
Businger et al. Protiles of the potential temperature and the fits for the same trials are given in Figure. 4.15
and 4.16, respectively. It is apparent from these figures that the data are well represented by the Businger
forms. Infact a!l three forms for the profiles (Businger et al., Dyer and Hicks as well as Hansen) fit the data well.
This is not surpnaing since in this stability range all three forms were very similar. (Hansen's formulation is
identical to Dyer and Hicks' for L<0.) Because of this agreement, the values foru,, L, 8, and 0, derived from
fittin~ the profile data 10 these forms are beliaved 1o be accurate. Additionally, all comparisons bet~een the
data and the Hejstrup modal requiring the Monin-Obukhov length as a parameter ware in good agreement.
In all cases the stability class determined from the computed value of L using the work of Golder (1972) was in
agreement with the Pasquill stability classification provided by Dugway Proving Grour 3 meteorologists.

Means and standard deviations of the wind speed, horizontal and vertical wind angles as well as the
vertical and transverse velocity were computed over the period of each test and .nterpolated to the10-m
level. These data are tabulated in Table 4 2. Also tabulated are values of the Obukhov length, Pasquill
slability class, friction velocity, exponent ot the power law fit of the wind profile, ambient temperature,
tamperature lapse rate and relative humidity.
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4.2.3 Power Spectra and Auto-Correlations

Estimates of the single-sided power spectra S{n) of the wind speed, direction and inclination were
computed using the Fast Fourier Transform (FFT) as implemented by Rabiner (1979). The data record was
first divided into overlapping sagments of 512 points (for :ha data from the West Vertical Grid tower, sampled
at 1-second intervals) or 128 points (for the data collected from the Horizontal Grid tower, sampled at
5-second intervals.) This was done to accommodate the requirement of the FFT routine that the length of
the input data record be a power of 2 while maintaining a segment length near 10 minutes: (512 points) x (1 )
= 512 s or 8.5 min; (128 points) x (5 s) = 640 s or 10.7 min. The 10-minute segment length was selected to
limit the range of scales to those relevant to the problem under study as well as to reduce the non-stationarity
of the wind statistics. Values for the mean and variance are then computed for each segment and the mean
subtracted from the data comprising that segment. Pasquill and Smith show that overlapping the data
segments in this manner reduces aliasing and the accompanying distortion of the high-frequency end of the

spectrum thus providing a better estimate of the spectrum and the variance jn {he frequency range of
. I I. -

A Hanning weighting function was applied to each segment prior 1o the Fast Fourier Transformation in
order to reduce "leakage” from one spectral band into adjoining bands. The ensemble average of the FFT of
these segments provides a raw estimate of the power spactrum. This estimate is inverse transformed to yield
the estimate of the auto-corretation. The resulting auto-correlation is normalized by its value at zero lag time
to conform with the required physical limit that the correlation must be unity at zero lag. The raw spectral
estimate is then normalized by the ensemble average of the segment variances. The ensemble average of
the segment variances is used in order to account for the filtering effects of limiting the sample size.

The resulting estimate is subsequently smoothed in the frequency domain. Smoothing is
accomplished by averaging over a frequency range An centered on the frequency of interest. The range An
varies with frequency such that An/n remains approximately constant. Bendat and Piersol have shown that
frequency smoothing is essential to reduce the substantial random error and to make the estimate
consislent, that is, to make the estimate convergent in the limit of an infinite sampling period. A more detailed
discussion of the errors ocurring in @stimates of power spectra and quantities derived from power spectra
such as correlations and integral scales is presented in Appendix B.

A check on the accuracy of the FFT was provided by comparing the ensemble averaged 10-minute
variance with the value of the auto-correlation at zero lag and with the integral of the power spectrum. In most
cases these agreed to within 2% and in no case did they differ by more than 10%. It was in the most unstable
cases that the 10-minute variance differed more than 2% with R(0) and the integral of the auto-correlation.
This is a direct consequence of the deviation of the turbulence from its assumed stationarity.

The 10-minute variance ranged from 90% of the 1-hour variance in the near-neutral cases down to 50%
of the 1-hour variance in the most unstable case. This is due to the high-pass filtering effect of limiting the
record length to 10 minutes. This increases the low frequency limit by a factor of 10 from 0.0003 Hz t0 0.003
Hz. Of course, this has its greatest effect on the unstable cases for which the energy containing range of the
spectrum is at much fower frequencies than for near-neutral cases.

Comparison of the spectra of wind speed and direction for unstable (class B) and near-neutral (class D)
tests reveal that in the frequency range of the data, the unstable cases followed the inertial subrange scaling
(-2/3 slope) reasonably well while the near-neutral cases did noi. (Compare Figures 4.17 and 4.18.) The
explanation for this is provided by Hejstrup who argues that the spectrum results from the superposition of a
buoyancy-produced, stability-dependent spectrum and a shear-produced spectrum which is independent of
stability. For unstable almospheric conditions, the buoyancy-produced spectrum dominates and the inertial
subrange covers much of the frequency range of the data, whereas the shear-produced spectrum is equally
important for the near-neutral tests and so the data do not exhibit inertial subrange behavior. For a thorough
discussion of the spectral dynamics of turbulence, see Tennekes and Lumley (1972).
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In order to investigate this stability dependence further, as well as to check on the quality of our data,
selacted tests representing the most unstable and most nearly neutral conditions were compared with
Hojstrup’s mode| spectra. An important parameter in the model, the height of the lowest inversion, z; was not
measured during our tests. Based on the data provided by Waldron and summarized in Table 4.3, z; was
estimated to be 2000 m for the near-neutral case and 1500 m for the unsiable case.

Table 4.3 Estimated Inversion Height

Date Time Stability L(m) Estimated
_ Class z;(m)
2/25/77 9:00 o -71 290
2125/77 12:00 D 27 1200
/25177 15:00 o -32 1867
2/28/77 11:00 D -12 529
2/28/77 14:00 o -27 600
377 11:.00 D — 9
3/1/77 14:00 Cc -5 518
3/2/77 11:00 D -36 895
/2177 14:00 v] -333 914
3/8/77 12:00 Cc -3 287
3/8/77 14:00 B -9 1227
314/77 12:00 Cc -1 758
3/14/77 14:00 8 -5 1372
3/30/77 12:00 A -1 1278

Figures 4.19 and 4.20 compare the normalized wind speed spectra derived from the data from tests
T00O05 and T0010 with the model u-spectra for La -200 and -2.2; these spectra have been corrected tor the
effects of the cup anemometer response. T0005 was conducted on the morning of April 4 with wind speeds
about 10 m/s. T0010 took place on the afternoon of April 10 under low wind speed conditions (= 2 nvs). The
error analysis presented in Appendix B indicates that the rms error in the unsmoothed power spectral density
estimates is roughly 30%. Frequency smoothing reduces this error, more for higher frequencies than lower
frequencies since the averaging "width” is chosen to maintain An/n approximately constant. Frequency
smoothing, however, has the disadvantage of reducing the resolution of the spectrum estimate. With this in

mind, the wind speed spectra computed from the data may be judged to agree well, both qualitatively and
quantitatively, with the model u-spectra.

As Figures 4.21 and 4.22 indicate, the 6-spectra show good qualitative agreement with the model
v-spectra, each having roughly the same shape. Quantitatively, the 8-speztra appear to be somewhat iow.
This is partially due to real differences between the 6-spectra and the v-spectra and partially due to the
substantial rms error in the estimate. Recall also that the 8-spectra result from only one realization of the
lurbulence and that some deviation from the model must be accepted.

This explanation gains credibility from a comparison of the ¢-spectra with the model w-spectra given in
Figures 4.23 and 4.24. Here again good qualitative agreement exists for the most pant with quantitative
disagreement at low frequencies in the near-neutral case and at high frequencies in the unstable case.
These deviations do not show any apparent relationship to those of the 6-spectra. For the most part, the
spectra computed from the data agree with the model spectra.
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